We examined the precise localization of dimethylated histone three lysine four (H3K4me2) in mature rat sperm. Within nonintergenic-enriched regions, half of the DNA peaks associated with H3K4me2 retention fell in gene bodies and the other half in promoter regions. The most significant peaks near annotated DNA regions in the composite data included loci known to be associated with RNA metabolism, cell cycle regulation, and spermatogenesis. Regions associated with differential retention of H3K4me2 within gene bodies were significantly enriched for housekeeping gene and cell-cycle functionality. Proximal promoter-associated peaks were enriched for viral reproduction and cell cycle regulation genes, while Promoter1k and Promoter3k peaks were enriched for RNA metabolism functions. Further, homeobox-and kruppel-like factor motifs were among the most significantly enriched de novo and known motifs discovered within gene-associated H3K4me2 peaks. Motif analysis and native chromatin immunoprecipitation followed by sequencing (nChIPseq) peak calling indicated an instructive role for retained paternal histones in the epigenetic regulation of early embryonic development in the rat.
Most investigations of mammalian sperm chromatin and histone retention have used humans and mice [1] [2] [3] [4] [5] [6] , with few studies using rats, a key model for studying male reproductive biology, physiology, and response to injury. This letter describes the localization of dimethylated histone three lysine four (H3K4me2) in mature Rattus norvegicus sperm using native chromatin immunoprecipitation followed by sequencing (nChIP-seq).
During spermiogenesis, protamines replace over 90% of the canonical histones that are preferentially retained in transcriptional start sites, promoter regions and gene bodies of housekeeping, and developmental regulatory genes [2, 3] . The paternal epigenetic environment is crucial to normal zygotic genome activation with perturbations in sperm histone retention linked to transgenerational epigenetic inheritance [2, 5] . The paternal chromatin landscape reflects epigenetic modifications imparted by environmental conditions, while cross-species difference could reflect evolutionarily distinct developmental timelines and regulation [4] .
For this study, epididymal sperm from four adult Fischer 344 rats were processed using a modified nChIP protocol (30U MNase/2 × 10 6 sperm, 2× digestion time, 5 μg Abcam ab7766 H3K4me2 antibody) [3] . Paired genomic control and immunoprecipitated libraries were sequenced on an Illumina HiSeq2500 (50 bp single end reads, ∼36 million reads per library). DiffReps was used to define enriched regions with default parameters and the built-in R. norvegicus rn4 genome assembly. Genomic regions were designated as gene body (between 3 kb downstream of the transcription start site (TSS) and 1 kb downstream of the transcription end site); proximal promoter (+/-250 bp of a TSS), promoter1k (+/-1 kb of a TSS, excluding +/-250 bp of the TSS), promoter3k (+/-3 kb of a TSS, excluding +/-1 kb of the TSS); intergenic; and gene desert. A candidate peak list was refined by q-value and log-fold change to select the top 500 entries in each region. Over-represented biological properties and functional associations within a gene set were assigned statistical significance (p-value) based on QuickGO term finder. A total of 44,995 significantly enriched peaks were identified. H3K4me2-enriched sites were distributed unevenly around the TSS in promoter-related regions and broadly within gene bodies (Figure 1 ). Intergenic and gene desert regions contained a little more than half of the H3K4me2 differentially enriched peaks (Figure 1 (Figure 1) .
As a composite, the top 500 most q-significant sites with the largest log-fold change enrichment relative to input were enriched for RNA metabolic processes, cell cycle regulators, and spermatogenesisassociated genes. Within region types, the top 500 most q-significant sites with highest log-fold change in gene body regions included housekeeping, signal transduction, and cell cycle regulators. Overenriched biological processes in proximal promoter sites included viral reproduction associated loci and cell cycle regulation. Promoter1k sites were highly enriched for RNA-related genes, with seven of the top ten most p-significant biological processes RNArelated. Similarly, within the top 500 q-significant, largest log-fold change promoter3k sites, seven out of ten of the most-enriched biological processes included RNA metabolism functionality. In all region types, spermatogenesis-associated biological processes appeared within the top 20 enriched networks.
Whole genome motif discovery with HOMER v4.9 and the R. norvegicus rn6 genome assembly yielded a total of 31,665 significant differential regions, including 127 known motifs and 36 de novo motifs. The top four de novo results included JUN family binding sites, a predicted zinc finger protein 354C motif, regulatory factor X5, and zinc finger and BTB domain containing 18. Other significant results of developmental importance included TEAD-binding domains 2 and 4, several homeobox genes, and the nanog-binding motif.
The most significant four known motifs contained elements known to be indispensable for spermatogenesis or recruitment of developmental regulators [7, 8] . These motifs included several kruppellike factor motifs (KLF1,3,4,5,6,9,10, and 14), SP5 transcription factor, and factors known to regulate cell survival and spermatogenesis (Jun proto-oncogene, AP-1 transcription factor subunit) [7] .
In combination with previous studies in mice and men, these new rat data support the hypothesis that patterns of histone retention in sperm are broadly conserved across mammals [2] [3] [4] [5] [6] . Brykczynska et al. [9] found that H3K4me2 was enriched near promoter regions of spermatogenesis related genes in human and mouse, and many H3K4me2 peaks in our data were in promoter regions of spermatogenesis associated genes, including Prm2, Spo11, and Spaga16. In addition, in both mice and men [1, 9] , histones are retained in sperm near promoters and coding regions of regulatory RNA-related genes (lncRNA, piRNA, and miRNA), presumably providing protection against transposable elements and for regulating RNA processing in the early embryo. We found H3K4me2 peaks near the promoters of regulatory RNA genes, including Piwil1 and Piwil2, indicating a similar role for these histone-enriched genes in rat. Studies in mouse and other metazoan models have shown a high concordance between paternal regulatory histone marks and preimplantation embryonic mRNA expression with patterns analogous to those described here [1, 3, 5] .
Our findings provide further support to the emerging concept that canonical histones are retained in sperm near regions of developmental and embryonic importance [2, 5, 10] . In combination, these data strongly implicate patterns of paternal histone retention in the transmission of critical epigenetic information to the early embryo. To fully characterize the extent to which sperm chromatin marks are conserved and/or environmentally malleable, future studies will be needed that alter environmental conditions and then interrogate the resulting biologic response.
